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Summary 
Epidemiological findings suggest short sleep duration is associated with overweight and obesity 
across the lifespan.  In adults, experimental sleep loss increases caloric intake more than total 
daily energy needs, thus leading to weight gain.  To date, little is known about the relationship 
between sleep restriction and dietary intake in preschool children.  Healthy children (n=10; 
41.2±5.4 months; 5 females) followed a strict sleep schedule for 5 days before each 
experimental condition: one day of baseline sleep (nap and regular bedtime) and one day of 
sleep restriction (no-nap and ~2.3h bedtime delay).  Standardized parent-report dietary intake 
measures were obtained on baseline, sleep restriction, and sleep recovery (ad libitum sleep 
opportunity in the 24-h following sleep restriction) days.  As designed, children slept ~3h less on 
the sleep restriction than the baseline day (p<0.001), with no significant differences in sleep 
between baseline and recovery days (verified with actigraphy).  Repeated measures ANOVAs 
indicated differences across conditions in total kilocalories, sugar, carbohydrate, and fat intake 
(all ps<0.05; no differences in protein).  Post-hoc tests revealed that compared to baseline, 
children consumed 21% more kilocalories, 25% more sugar, and 26% more carbohydrates on 
the day of sleep restriction, as well as 14% more kilocalories and 23% more fat on the day of 
sleep recovery (all ps<0.05).  Findings suggest that acute sleep loss increases dietary intake in 
preschoolers both on the day of and the day after sleep restriction.  Increased kilocalorie intake 
may promote weight gain over time and be a mechanism through which short sleep contributes 
to childhood obesity risk.   
 
Key Words:  Sleep Restriction, Sleep Recovery, Dietary Intake, Food, Children, Early 
Childhood 
Introduction 
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Obesity is a complex medical condition that in recent decades has grown to epidemic status 
worldwide.  In 2011-2012, 32% of American youth were either overweight or obese, and 17% 
were considered obese (Ogden et al., 2014).  Childhood obesity is associated with increased 
risk for chronic illnesses (e.g. pulmonary, endocrine diseases), persistence of obesity into 
adulthood (Ebbeling et al., 2002, Must et al., 1999), and psychosocial consequences, including 
the development of a negative self-image and low self-esteem (Ebbeling et al., 2002). 
Meta-analysis of epidemiological data provide strong evidence of associations between obesity 
risk and insufficient sleep: children are twice as likely to be obese when experiencing short 
sleep (Cappucio et al., 2008).  In one prospective study, short sleep duration (<10.5h) at age 3 
years was associated with an increased risk of obesity at age 7 years (Reilly et al., 2005).  Also, 
experimental sleep restriction increases kilocalorie intake and the overconsumption of highly 
palatable “comfort foods” (i.e. high fat, sugar, carbohydrate), which over time promotes weight 
gain in adolescents (Beebe et al., 2013) and adults (Dallman et al., 2003, Markwald et al., 
2013).  Experimental studies examining sleep restriction and dietary intake in young children are 
scarce.  Furthermore, we know of little data on the time course associated with the resumption 
of normal diet following sleep loss, but published findings suggest neurobehavioral deficits and 
hormonal imbalances are persistent for 1-2 nights after sleep restriction in adults (Drummond 
and Brown, 2001, Lamond et al., 2007). 
Early childhood is a sensitive period in the development of sleep and eating habits (Kelder et al., 
1994).  Longitudinal data show that body mass index (BMI) has moderate-to-strong lifetime 
stability, as overweight youth are ~4 times more likely to maintain this status as adults than their 
normal-weight peers (Cunningham et al., 2014). Sleep changes rapidly during early childhood 
(e.g. decrease in 24-h sleep duration, which is primarily attributed to a decline in daytime 
napping) (Weissbluth, 1995).  Also, about 30% of preschool children reportedly do not obtain 
adequate sleep (Foundation, 2004).  Insufficient sleep in early childhood is related to poor self-
regulation (Miller et al., 2015), which may promote the consumption of obesogenic foods (Pieper 
and Laugero, 2013) and rapid childhood weight gain (Francis and Susman, 2009).  Lack of 
sleep has also been shown to disrupt appetite-regulating hormones (e.g. ghrelin, leptin) and 
thereby alter hunger when food intake is controlled (Spiegel et al., 2004). We propose that 
dietary intake is a primary yet unexplored mechanism through which insufficient sleep may 
contribute to early childhood overweight/obesity risk.  
In this study, we tested sleep-dependent changes in preschool children’s dietary intake.  
Specifically, we examined the effects of a missed nap and a delayed bedtime on dietary intake 
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at baseline compared to the day of and the day following acute sleep restriction.  Based on 
studies of sleep restriction and dietary intake in adults, we hypothesized that compared to a 
baseline day of sleep, children would have greater overall energy intake and consume more 
sugar, fat, and carbohydrates during a day of acute sleep restriction.  Because little is known 
about the changes in dietary intake following sleep loss, our analysis of differences in dietary 
outcomes during the 24-h recovery day was exploratory.  
 
Methods 
Participants  
Participants were 10 healthy, habitually napping children (ages 32-47 months; 41.2±5.4 months; 
5 females) of normal weight (BMI z-score -0.03±1.4).  Three additional children were enrolled 
but excluded for not falling asleep during their baseline nap opportunity.  Participant recruitment 
and screening details have been previously published (Berger et al., 2012).  The University of 
Colorado Boulder Institutional Review Board approved all procedures, and the study was 
performed according to the Declaration of Helsinki.  Families provided written consent and were 
compensated with cash.  This study utilized children from a larger protocol designed to examine 
sleep, circadian rhythms, and emotion processing in early childhood.   
 
Protocol 
Dietary recalls were completed on baseline, sleep restriction, and sleep recovery days (baseline 
and sleep restriction condition days were counterbalanced; Figure 1). Children followed a strict 
individualized daytime nap and nighttime sleep schedule for ≥5 days before completing the 
sleep and dietary assessments.  If the child had an accidental nap, bedtime or wake time that 
deviated >15min from the sleep schedule, illness, medications affecting sleep/alertness, or 
caffeine consumption, assessments were cancelled and rescheduled after an additional 5 
consecutive days on the sleep schedule.  For the baseline sleep condition, children maintained 
their individualized daytime nap and nighttime sleep schedule.  For the sleep restriction 
condition, children missed their nap and went to bed ~2.3h (range: 1.1h-3.1h) past their 
scheduled bedtime and were awakened at their habitually scheduled time.  For the 24-h sleep 
recovery condition, napping and nighttime sleep was ad-libitum.  Sleep occurred in children’s 
homes or at daycare/preschool on the days before the sleep and dietary intake assessments, 
and at home on the day of the assessments.  Sleep was tracked with actigraphy, sleep diaries, 
and daily telephone calls/emails to researchers.  Parents were instructed to refrain from 
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providing foods and drinks containing caffeine but were not given any additional instructions 
regarding their child’s diet.   
 
Insert Figure 1 
Measures 
Sleep Diary.  Parents completed a daily sleep diary that inquired about times that the actigraph 
was off-wrist, nighttime and nap time sleep times, and sleep onset latency (Akacem et al., 
2015).  Sleep diaries were used to ensure compliance with the study protocol and to verify 
actigraphy data (Acebo et al., 2005).   
Actigraphy.  Children wore an actigraph (AW Spectrum; Philips/Respironics, Pittsburg, PA) on 
their non-dominant wrist.  Continuous epoch-by-epoch (1-min) estimates of sleep or 
wakefulness were obtained using Respironics Actiware V5 software.  We used our published 
laboratory procedures for establishing sleep intervals based upon diary reports completed by 
parents and actigraph event markers indicating “lights-out” and “lights-on” (Berger et al., 2012). 
For each nap and nighttime sleep interval, 3 actigraph variables were derived: (a) time in bed: 
min from lights-off to lights-on; (b) sleep period (duration; min from sleep start to sleep end); and 
(c) sleep efficiency (quality; % of sleep epochs between sleep start and sleep end time).  When 
data were excluded or lost due to technical failure (6% of nights; 10% of naps) parent reported 
data from the sleep diary were substituted.  Although not a primary study outcome, we used 
actigraphy data to verify compliance to the sleep schedule and to measure children’s sleep 
duration and quality during the 5 days before and the day of dietary assessments.  
Dietary Recall.  Parents recorded all food and beverages consumed by their child using a 
pencil-and-paper food log on the baseline, sleep restriction, and sleep recovery days.  Children 
did not attend school/daycare on these days, thereby permitting continuous monitoring.  Portion 
sizes, brand names, and quantities for each food and beverage were recorded.  Parents 
estimated portion sizes using household measures (e.g. grams, cups, teaspoons) and weights 
from food package labels.  For homemade dishes, parents recorded ingredients, quantities, and 
cooking methods.  On the day after each dietary assessment, a researcher confirmed recorded 
data with parents and entered the child’s food and beverage intake into the online system 
ASA24 (Subar et al., 2012).  This system is based upon the USDA Automated Multiple-Pass 
Method, which has been validated and shown to accurately estimate mean total kilocalorie and 
protein intakes compared to recovery biomarkers (i.e. doubly labeled water/24-h urine collection 
protocol) (Subar et al., 2012, Kipnis et al., 2003, Moshfegh et al., 2008).  It provides a 
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comprehensive output of total daily energy, macronutrient, vitamin, and mineral intake.  We 
chose to analyze total kilocalorie, sugar, fat, carbohydrate, and protein intake based upon prior 
data in adults showing sleep-dependent changes in these variables (Weiss et al., 2010, Bosy-
Westphal et al., 2008, Nedeltcheva et al., 2009, St-Onge et al., 2011). 
Analysis 
Data analysis was performed with IBM SPSS Statistics Package 22.0 (IBM Corp., Armonk, NY).  
Paired t-tests compared sleep variables during the 5 days before baseline and sleep restriction 
assessments.  Repeated Measures ANOVAs examined differences in sleep variables and 
dietary intake measures between the baseline, restriction, and recovery days.  Following a 
significant F, pairwise comparisons between the three conditions were made with a Bonferroni 
correction factor for multiple comparisons (1-tailed paired t-tests for baseline and sleep 
restriction planned comparisons; 2-tailed paired t-tests for baseline and sleep recovery 
comparisons).  Effect size was quantified as Cohen’s d or eta2
 
.  The alpha level was set at 0.05. 
Results 
Sleep Protocol Verification 
We found no differences between sleep measures during the 5 days before the baseline and 
sleep restriction assessments (Table 1).  As designed, children missed their nap and went to 
bed later on the sleep restriction day and thus, they had a shorter 24-h time in bed and 24-h 
sleep duration compared to baseline and recovery days (Table 2).  We also observed that 
children awakened significantly later on the recovery compared to the sleep restriction day 
(d=0.53, Table 2), with a non-significant trend for a later morning wake time on the recovery 
compared to the baseline day (d=0.66, p=0.14).  Sleep efficiency was similar across all sleep 
conditions.  
Insert Table 2 
Dietary Intake 
Repeated measures ANOVAs showed differences between conditions in total kilocalorie 
(F=5.43; p<0.05; eta2=0.34), sugar (F=7.85; p<0.05; eta2=0.47), carbohydrate (F=5.54; p<0.05; 
eta2=0.38), and fat (F=5.72; p<0.05; eta2
Insert Figure 2 
=0.39) intake.  Figure 2 shows that compare to 
baseline, children consumed 21% more kilocalories (d=0.95), 25% more sugar (d=0.93), and 
26% more carbohydrates (d=0.93) on the day of sleep restriction and 14% more kilocalories 
d=0.56 and 23% more fat (d=0.73) on the day of sleep recovery (all ps<0.05).  We found no 
differences in protein intake across sleep conditions.  
Au
th
or
 M
an
us
cr
ip
t
7 
This article is protected by copyright. All rights reserved 
 
Discussion 
In this study, we implemented a well-controlled experimental protocol to examine the immediate 
and recovery effects of acute sleep restriction on dietary intake in children.  Compared to a 
baseline day of habitual sleep duration, acute sleep restriction (i.e. missed nap, delayed 
bedtime of ~2.3h, habitual wake time) resulted in a significant increase in total kilocalorie, sugar, 
and carbohydrate 24-h intake, with no measureable differences in fat and protein intake.  During 
the immediate recovery day of 24-h ad-libitum sleep, overall kilocalorie intake remained 
elevated and fat intake was increased relative to baseline, whereas sugar and carbohydrate 
intake returned to baseline levels.  No differences in protein intake were observed on the 
recovery day compared to baseline. 
These findings complement and extend the results of prior studies.  Specifically, we observed a 
substantial increase in kilocalorie intake on the day of a missed nap and a late bedtime, which 
aligns with findings in adults and adolescents (Beebe et al., 2013, Markwald et al., 2013).   Data 
from sleep restriction studies using whole-room calorimeters to assess 24-h energy expenditure 
provide support for the hypothesis that increased food intake during sleep loss represents a 
physiological adaptation to provide the body with the energy needed to sustain extended 
wakefulness; however, when food is readily available, overconsumption may ensue.  When 
daily energy intake is greater than daily energy expenditure, a state of positive energy balance 
occurs, and over even a short period of time, sustained positive energy balance results in 
weight gain (Hill and Melanson, 1999).  We did not measure 24-h energy expenditure, and 
therefore cannot conclude that participants were in a state of positive energy balance due to the 
observed increase in kilocalorie intake.  Such studies in children are needed to determine how 
much sleep restriction is needed to increase 24-h energy expenditure and whether or not the 
well know hyperactivity associated with sleep loss in childhood (Touchette et al., 2009) elevates 
24-h energy expenditure even more than that observed in adults.  
Our experimental data provide novel insights into the macronutrient composition of dietary 
intake in response to sleep restriction in preschool children.  In adults, data from studies utilizing 
acute and chronic sleep loss protocols to measure changes in macronutrient intake are 
inconsistent.  Some studies illustrate that sleep restriction is associated with an increase in 
carbohydrate-rich foods (Weiss et al., 2010, Bosy-Westphal et al., 2008, Nedeltcheva et al., 
2009, Markwald et al., 2013), whereas others show an increase in dietary fat (St-Onge et al., 
2011).  We found that children’s initial response to missing a nap and going to bed late is an 
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increase in carbohydrate and sugar intake.  This selective overconsumption of foods high in 
sugar and carbohydrates may be particularly detrimental for overweight/obesity risk.  
Experimental sleep restriction results in impaired glucose tolerance and decreased insulin 
sensitivity (as reviewed in (Knutson, 2007).  Poor glucose regulation during sleep loss, in 
combination with our findings of selective increases in sugar and carbohydrate consumption, 
may further explain the relationship between reports of poor sleep and childhood obesity. 
With regard to recovery after acute sleep loss, we found sustained effects on dietary intake 
when children were allowed to sleep ad-libitum including their daytime nap.  On the recovery 
day, kilocalorie intake remained higher (14%) than baseline.  Specifically, fat intake increased 
from baseline, whereas sugar and carbohydrate intake returned to baseline levels.  Little 
research has examined the changes in dietary composition during the first day of recovery from 
sleep loss.  One relevant study (Brondel et al., 2010) found that study participants consumed 
22% more kilocalories with an 8% increase in energy from fat in the 24-h period following 4h 
acute sleep restriction compared to 8h of sleep.  These data align with the results of our 
experimental study and support the hypothesis that the first recovery day following sleep 
restriction is associated with increased dietary intake.  Additionally, data from a recent study 
utilizing a simulated shiftwork protocol indicate that total daily fat utilization increases on the 
transition day from a stable nighttime sleep schedule to the first night shift, as well as the 
second night shift.  Fat utilization, however, was not increased on the third consecutive 
nightshift (McHill et al., 2014).  These results may help to mechanistically explain the observed 
increased fat intake during immediate recovery sleep in our preschool sample.  Following times 
of acute prolonged wakefulness and restricted sleep, physiological changes that upregulate the 
bodies’ usage of fat ensue, which may lead to an increased drive to consume high fat foods to 
meet this need.  Notably, when chronically sleep restricted individuals (5 days, 5h nightly sleep 
opportunity) were allowed 5 days of adequate sleep, consumption of fats, carbohydrates, and 
overall energy returned to baseline, leading to weight loss (Markwald et al., 2013).  Further 
research addressing the pathways and specific time course associated with recovery in 
increased dietary intake in response to sleep restriction is necessary.  
Although the mechanisms underlying relationships between sleep restriction and increased 
dietary intake are not fully understood, several physiological and behavioral changes associated 
with sleep loss may inform our observed effects.  Levels of the appetitive hormones including 
leptin and ghrelin are disrupted during sleep restriction.  Leptin is an appetite-inhibiting hormone 
that promotes feelings of satiety, while ghrelin is an appetite stimulating peptide that promotes 
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food intake (as reviewed in (Knutson, 2007).  In times of acute sleep loss, levels of both 
hormones are altered, facilitating the drive to eat (as reviewed in (Knutson, 2007).  For example, 
Spiegel et al. showed that sleep restriction during controlled food intake in adults was 
associated with an 18% decrease in leptin, a 28% increase in ghrelin, and a 33% increase in 
hunger for calorie-dense foods with higher carbohydrate content (Spiegel et al., 2004).  Notably, 
Hart et al. showed that with increased sleep (1 week, 1.5 hours increased time in bed), children 
(8-11 years) consumed fewer kilocalories, and exhibited lower fasting morning leptin, with no 
difference in fasting ghrelin compared with the decrease sleep condition (1 week, 1.5 hours less 
time in bed than baseline) (Hart et al., 2013).  Sleep restriction can also compromise or interfere 
with self-regulation (Miller et al., 2015).  Poor self-regulation (i.e. inability to delay gratification 
for food) in children has been associated with rapid weight gain and proposed as a pathway to 
obesity risk (Francis and Susman, 2009).  Taken together, the hormonal disruptions and 
changes in neuronal activation occurring during sleep loss may in part explain our findings of 
increased dietary intake in response to sleep restriction in early childhood.  
This experimental study represents a first step in understanding sleep-dependent effects on 
dietary intake in preschoolers, a sensitive window in the development of eating behavior and a 
time during which early overweight/obesity risk trajectories emerge.  Nonetheless, several 
limitations should be noted.  First, our data are from a relatively small sample of healthy children 
without sleep disturbances, behavioral problems, or overweight/obesity, which is a threat to 
external validity.  Future research using experimental protocols (e.g. sleep restriction and/or 
sleep extension) from a larger community sample or cohorts of children at-risk for 
overweight/obesity is needed to extend the generalizability of our data.  Second, we examined 
dietary intake in the child’s natural home environment, which may be influenced by familial food 
preferences and attitudes; however, our repeated measures design allowed each child to be 
his/her own control.  Third, our protocol involved only a single night of sleep restriction, thus, it is 
unclear whether chronic sleep restriction would lead to long-term changes in dietary intake in 
young children. Furthermore, the inherent variability in dietary recalls and parental 
underreporting of foods via observational methods should be considered (Baranowski et al., 
1991).  Although we utilized an established and detailed pencil-and-paper log of food and 
beverage intake that was reviewed the following day with a researcher, we believe future 
studies should use more controlled dietary intake protocols that regulate the types of food 
available, as well as quantify energy expenditure and dietician measured food intake to assess 
energy balance.  Protocols that assess the effects of sleep deprivation on accurate down-
regulation of intake in response to a caloric preload (Johnson, 2000), eating in the absence of 
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hunger (Fisher and Birch, 2002), the ability to delay gratification for food (Francis and Susman, 
2009), or the relative reinforcing value of food (Epstein et al., 2007) may all be valuable.  Finally, 
we found only a relatively small increase in sleep duration on the recovery versus the baseline 
day, which may reflect strong circadian entrainment as a result of children following a strict 
sleep-wakefulness schedule before each condition.  Although not statistically significant with this 
sample size, a 33 min increase in sleep duration is consistent with a higher homeostatic sleep 
drive as a result of our experimental protocol, and future work should examine a larger number 
of children and use a more sensitive electroencephalography marker such as slow wave 
activity.  
In summary, our findings suggest that sleep restriction in early childhood may promote risk for 
weight gain and, thus over time, the development of childhood overweight and obesity. 
Insufficient sleep in preschool children is prevalent (National Sleep Foundation, 2004), which 
may arise from both daytime and nighttime sleep loss (i.e. missed naps, bedtime delays).  Our 
experimental simulation of this sleep restriction pattern resulted in increased dietary intake, 
which suggests this may be an important mechanism underlying associations between 
insufficient sleep and childhood overweight/obesity.  The implications of our data are substantial 
when considering the cumulative effects of overeating.  Nutritional status between conception 
and age 5 is strongly associated with growth and development (Katz et al., 2003) and future 
overweight (Herman et al., 2009).  Therefore, understanding how sleep loss may contribute to 
obesogenic eating behaviors early in development may inform the design of childhood obesity 
prevention programming.   
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Figure 1: Individualized daytime nap and nighttime sleep protocol for one child participant. 
Black bars indicate time in bed; grey bars indicate dietary recall assessments (baseline and 
sleep restriction conditions were counterbalanced). 
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Figure 2: Total mean (A) energy, (B) sugar, (C) carbohydrate, (D) fat, and (E) protein intake 
between baseline, sleep restriction, and sleep recovery conditions. Error bars represent ± SE. 
* indicates significant post-hoc pairwise comparison with Bonferroni correction. 
 
Table 1: Descriptive statistics (M, SD) of actigraphic sleep variables during the 5 days before 
counterbalanced baseline and sleep restriction assessments.  t, d, p, are for main effect of 
condition. 
 
 
Table 2: Descriptive statistics (M, SD) for actigraphic sleep variables on the day of dietary 
assessments for baseline, sleep restriction, and sleep recovery conditions.  F, eta², p are for 
main effect of condition.  Significant post-hoc pairwise comparisons are denoted as a(baseline 
vs. restriction), b(baseline vs. recovery), and c
 
(restriction vs. recovery).  
Baseline Restriction Recovery Statistics 
 M SD M SD M SD F eta² p 
Night Lights-Out Time 20:16 
a, c 
 0:36 22:35 0:33 20:21 1:02 65.81 0.88 <0.001  
Morning Wake Time 6:42 
c 
0:42 6:47 0:39 7:09 0:39 5.13 0.36 0.02
 
Nap Lights-Out Time 13:11 0:31 -- -- 13:17 1:04 -- -- -- 
Nap Wake Time  15:02 0:31 -- -- 15:29 1:29 -- -- -- 
Time in Bed (min) 735.7 
 a, c
 58.0 509.1 23.7 776.2 63.0 122.7 0.94 <0.001 
 
Sleep Duration (min) 674.4 
 a,c
 43.8 489.0 29.3 707.4 53.9 78.2 0.92 <0.001 
 
 Pre-Baseline Pre-Restriction Statistics 
 M SD M SD t d p 
Night Lights-Out Time 20:07 0:27 20:06 0.5 0.31 0.05 0.77 
Morning Wake Time  6:45 0:34 6:45 0.55 -0.02 0.00 0.99 
Nap Lights-Out Time 13:05 0:24 13:01 0.57 0.66 0.13 0.53 
Nap Wake Time  14:56 0:32 14:52 0.78 0.46 0.09 0.65 
Time in Bed (min) 735.0 44.4 728.5 34.6 0.40 0.16 0.70 
Sleep Period (min) 662.8 33.2 671.4 28.2 -1.03 -0.28 0.33 
Sleep Efficiency (%) 89.1 2.9 88.5 4.2 0.47 0.16 0.65 
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Sleep Efficiency (%) 90.2 2.8 88.1 5.4 89.2 5.0 0.9 0.11 0.41 
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